Abstract-A wirelessly powered homecage system, called the EnerCage-HC, that is equipped with multicoil wireless power transfer, closed-loop power control, optical behavioral tracking, and a graphic user interface is presented for longitudinal electrophysiology and behavioral neuroscience experiments. The EnerCage-HC system can wirelessly power a mobile unit attached to a small animal subject and also track its behavior in real-time as it is housed inside a standard homecage. The EnerCage-HC system is equipped with one central and four overlapping slanted wire-wound coils with optimal geometries to form three-and four-coil power transmission links while operating at 13.56 MHz. Utilizing multicoil links increases the power transfer efficiency (PTE) compared with conventional two-coil links and also reduces the number of power amplifiers to only one, which significantly reduces the system complexity, cost, and heat dissipation. A Microsoft Kinect installed 90 cm above the homecage localizes the animal position and orientation with 1.6-cm accuracy. Moreover, a power management ASIC, including a high efficiency active rectifier and automatic coil resonance tuning, was fabricated in a 0.35-µm 4M2P standard CMOS process for the mobile unit. The EnerCage-HC achieves a max/min PTE of 36.3%/16.1% at the nominal height of 7 cm. In vivo experiments were conducted on freely behaving rats by continuously delivering 24 mW to the mobile unit for >7 h inside a standard homecage.
I. INTRODUCTION

B
EHAVIORAL neuroscience research on small awake animal subjects, such as rodents, has benefited from recent advances in neural interfacing technology. Neural interfaces have been traditionally hardwired to deliver power and communicate with neural recording or stimulation instruments attached to the animal body (we will refer to them as the mobile units), thereby restricting experiments that involve freely behaving animal subjects [1] , [2] . These studies also require labor-intensive human operator involvement to ensure continuous and smooth flow of the experiments, which imposes a barrier to conducting long-term experiments over the span of several days, weeks, or months.
In an attempt to overcome the limitations imposed by cables, several battery-powered neural recording systems have been developed [3] - [9] . Although these setups can eliminate the cables from the mobile unit, they are still not suitable for longitudinal studies due to the limited lifetime of the batteries, which also add to the animal payload. Researchers have to make compromises between the duration of the experiment and how much weight the animal can carry before it affects its natural behavior and bias the results.
In order to address these limitations, a few wirelesslypowered systems have been developed to either directly power the mobile unit or recharge the batteries during the experiment [10] - [15] . However, these systems suffered from poor power transfer efficiency (PTE) because the coil geometries were not optimized. Moreover, they continuously powered the entire homecage, as opposed to where the animal was located, reducing the flux linkage between the transmitter (Tx) and receiver (Rx) coils, resulting in lower coupling coefficient and transmission of more power for delivering sufficient power to the mobile unit. In an attempt to circumvent these problems, smart wirelessly-powered systems have been reported, which can significantly improve the PTE [16] - [22] . In these systems, batteries on the mobile units have been eliminated or replaced by smaller super capacitors, and an array of coils at the bottom of the experimental arena that are automatically selected based on the position of the animal subject to couple with the Rx coil in the mobile unit. As a result, the new systems can achieve higher PTE and dissipate less heat for the same amount of power received at the mobile unit. As an alternative, a single Tx coil mechanically moving on XY-rails was also reported in [23] . Although these systems can achieve high PTE and operate at low temperature, they are too bulky to be integrated with the standard homecage (HC) in a way that high throughput experiments can run in parallel over extended periods of time inside the animal research facilities without occupying the lab space and limited human resources of research laboratories. Moreover, the animal tracking resolution and quality in the earlier work were not sufficient for behavioral experiments.
Tracking animal subjects to analyze the locomotion has been separately studied on different animal species including rodents [24] - [28] . Automated locomotion measurement using computer vision can improve accuracy and significantly lower the cost of labor, thus it is rapidly growing [29] - [33] . Microsoft Kinect ® is a popular high-precision and low-cost imager that is equipped with infrared depth (IR-3D) and Red-Green-Blue (RGB-2D) cameras, allowing animal tracking in both bright and dark conditions. This is particularly important for nocturnal animal species, which include most rodents. Kinect ® has been recently adopted in a few automated locomotion tracking experiments [34] , [35] . However, only the depth camera has been previously used for tracking the subject's position in real time.
In this paper, we present a wirelessly-powered smart homecage, called the EnerCage-HC, which is conceptually shown in Fig. 1 , and includes: 1) a compact and geometricallyoptimized array of wire-wound coils (WWCs) with one central WWC at the bottom of the cage and four overlapping slanted WWCs on the corners of the cage to form 3-or 4-coil links and generate a homogeneous high-PTE space inside the homecage (30 × 30 × 17 cm 3 ) [36] , thanks to, 2) a closed power control loop (CPCL) that can dynamically compensate for coupling distance and load variations due to animal movements and implant functions (e.g. stimulation on/off), respectively, 3) an automated real-time behavioral tracking mechanism based on 2D and 3D imaging with Microsoft Kinect ® , and 4) a customdesigned coin-sized mobile unit that includes two Rx coils and an efficient power management integrated circuit (PMIC).
The EnerCage-HC system has a different structure and serves a different purpose compared to our previously-reported EnerCage system in [19] , in terms of using a set of slanted wired-wound coil structure instead of an array of overlapping printed spiral coils (PSC). It also benefits from reduced number of cables by using WiFi instead of Ethernet, a power management ASIC in the mobile unit for smaller size and higher efficiency, safety functions during in vivo experiments, and accurate animal subjects tracking features. Unlike the original EnerCage that was offering large wirelessly powered experimental arenas, the EnerCage-HC is intended for automated, high throughput, and long-term experiments in a large number of parallel cages that can be located in standard racks in animal research facilities without requiring labor intensive supervision or occupying precious laboratory space. In section II, the EnerCage-HC system architecture is introduced. The coil design and optimization are presented in section III. The optical tracking is discussed in section IV. The power management ASIC has been described in section V, followed by the in vivo measurement results in section VI and conclusions.
II. ENERCAGE-HC SYSTEM ARCHITECTURE In this system, multi-coil resonance-based inductive link not only increases the PTE compared to similar sized 2-coil links but also reduces the required number of power amplifiers (PA) to only one, which in turn reduces the system complexity, cost, and dissipated heat. Hence, only L 1 is driven by a class-C PA at f p = 13.56 MHz, and L 21 ∼ L 24 simply form high-Q LC-tanks. The PA is driven by an RFID reader (TR7960, Texas Instruments, Dallas, TX). The CPCL changes the PA supply voltage (V D D _T x) based on the information it receives about the mobile unit rectifier output voltage, V R EC P in Fig. 2 , which is back telemetered via load shift keying (LSK) by shorting the L 4 C 4 -tank [37] . In this prototype, in order to monitor the system operation, V R EC P is also divided down, digitized, and wirelessly sent back to the central PC station by the mobile unit MCU and its built-in 2.4 GHz transceiver. This data is used for monitoring the mobile unit operation and ensuring the EnerCage-HC system functionality. The central PC station is also responsible for processing the Kinect images to detect and report the animal position in each EnerCage-HC in real time. This information is then used to switch L 21 ∼ L 24 . [37] . In the EnerCage-HC system, 1-bit BT data is used to increase or decrease the V D D _T x. The received BT pulses indicate that the received power in the mobile unit is sufficient, where the coupling between stationary and mobile unit is strong enough. The received BT pulses are oversampled by the FPGA to decrease the V D D _T x at the rate of 320 steps/s by controlling a digital potentiometer (AD5160) in the feedback loop of the DC-DC converter (LT1370). In the absence of BT pulses, the FPGA increases the V D D _T x at the same rate [37] .
A. Stationary Unit
B. Mobile Unit
The mobile unit, shown on the right side of Fig. 2 , is equipped with the PMIC, two super-capacitors, a 3.3 V low dropout regulator (LDO), an LED tracer, and an MCU (nRF24LE1, Nordic Semiconductor, Norway). The PMIC includes two active rectifiers to generate both positive V R EC P and negative V R EC N for bipolar stimulation [38] , two LDOs to generate V D D = 2 V and V S S = −2 V, an automatic resonance tuning (ART) block, and LSK circuitry. An off-chip LDO is used to generate a separate 3.3 V supply voltage for the MCU. V R EC P is divided by two and digitized by the MCU built-in 10-bit ADC. When V R EC P is higher than 2.3V, the MCU sends narrow pulses to the PMIC at 3 kHz, which are sharpened (∼0.4 μs) before shorting the L 4 C 4 -tank as briefly as possible to close the power control loop with minimal degradation of the PTE. The duty cycle of the BT short-circuit pulses is only 0.1% significantly minimize the power loss. The MCU also turns on/off transistor M 1 at 50 Hz with 4% duty cycle to blink a green LED for optical tracking of the mobile unit. Two 0.21 F super capacitors, following V R EC P and V R EC N , supply the mobile unit when the received power is interrupted by >80°tilting of the mobile unit or >18 cm coupling distance from the bottom of the homecage. These thresholds are experimentally determined when the PTE has reached a low level that even the maximum PA power in the EnerCage-HC system (7 W) is not sufficient to provide enough power to the mobile unit.
C. Graphical User Interface
All acquired information, such as V R EC P , V D D _T x, and system operating status e.g. WiFi and MCU 2.4 GHz link connectivity, along with the Kinect images are collected by the central PC from each EnerCage-HC system to be used in the signal/image processing algorithm and the GUI. The subject coordinates are sent from the PC to the FPGA using the User Datagram Protocol (UDP), while two-way communication through TCP/IP is used for monitoring the V D D _T x. The same link is used to reduce V D D _T x to 4.5 V when no mobile unit is detected in the homecage. The GUI displays a real time color video of the homecage, position of the animal and mobile unit in the cage, the total distance that the animal has traveled, the processed depth image, the active WWC, the connection status, V R EC P , and V D D _T x. The GUI can also save the acquired data in text and movie formats.
III. MULTI-COIL LINK OPTIMIZATION
FOR ENERCAGE-HC Fig. 3 shows how utilizing 3/4-coil links eliminates the need to drive the triangular WWCs, while increasing the PTE by decoupling the loosely-coupled L 2 -L 3 link from the source and load impedances [39] . When the mobile unit is in the center of the homecage, only L 1 is driven to form a 3-coil link, while the other WWCs are open-circuit. The PTE of a 3-coil link can be found from [40] . However, when the mobile unit is on the corners of the cage, the closest WWC (L 21 ∼ L 24 ) is shorted with a capacitor, which resonates at 13.56 MHz with the Tx, to form a 4-coil link. In a 4-coil link, the PTE can be written as [40] (2) as shown at the bottom of this page.
The quantitative model and comprehensive circuit-based analysis describing the power transmission in 4-coil inductive links are described in [39] and [40] . The WWC geometries are optimized to provide homogeneous PTE in the worst case coil misalignments.
To reduce the size and weight of the mobile unit, which is carried in the headstage or a backpack, the diameter and width of L 3 , i.e. D o3 and W 3 , were limited to 2.5 cm and 0.64 mm, respectively, to be about the size of a U.S. quarter. Under the 300 loading condition, which is corresponding to 24 mW of power consumption in the mobile unit, to maximize Q 3 for L 3 , n 3 = 2 was chosen based on the HFSS simulations. The 24 mW power was chosen in this prototype as a level that is sufficient for the majority of state-of-art neural recording and stimulation devices [7] . The CPCL dynamically controls the V D D _T x to compensate for any load variations in the mobile unit. In order to embed the Tx coils inside the body of the homecage the width of the wire used in the Tx coils was limited to the thickness of the homecage. The AWG10 (W = 2.59 mm) wire was chosen for L 1 and L 21 ∼ L 24 to achieve the highest Q. Fig. 4a shows the HFSS simulation results of Q 1 and Q 2 vs. f p for n 1,2 = 1 turn and 2 turns. In these simulations, L 1 was square shaped with an estimated d 1 = 19 cm, and L 2 had an isosceles triangular shape with d 2 = 30 cm and h 2 = 7 cm (see Fig. 1 ). L 1 has a square shape to increase its overlap area with L 21 − L 24 , which is directly proportional to their coupling coefficient. It is clear from these simulations that at f p = 13.56 MHz in the industrialscientific-medical (ISM) band, n 1 = n 21−24 = 1 provides higher Q 1 and Q 2 .
In optimizing d 1 , we noticed that the common optimization algorithm in [40] leads to a smaller d 1 with higher PTE at 12 and lower PTE in the 4-coil arrangement. Moreover, the powered area in the center of the homecage is also reduced by decreasing d 1 , negatively affecting the homogeneity of the PTE across the homecage. Fig. 4b shows the simulated 3-and 4-coil PTE vs. d 1 at L 2 -L 3 nominal distance of d 23 = 7 cm when the Rx coil was located at the center of the homecage (0, 0) for the 3-coil and in the center of a triangular WWC (−75 mm, 75 mm) for the 4-coil link (see orange spots Fig. 3 ). Starting from 9 cm, as d 1 becomes larger, k 12 is increased and PTE for the 4-coil link also increases. However, if d 1 becomes much larger than its optimal size for the 3-coil link, its PTE decreases due to reduced k 13 . To create a homogeneous PTE at the coils' switching points, d 1 was selected as 17 cm, based on the simulations in Fig 4b. To determine the L 2 triangular geometry, d 2 was chosen 28 cm, slightly less than the length of each side of the homecage (30 cm), to offer maximum overlap with L 1 but avoid overlapping among four WWCs at the center of the homecage considering the thickness of the coil wires (see the top view in Fig. 3) . h 2 is key in determining the distribution of the 4-coil PTE at the corners of the homecage, where the animal tends to stand up and create a worst case scenario for power transmission from a central WWC at the bottom of the cage. Fig. 4c shows the simulated distribution of the 4-coil PTE inside the homecage for the nominal height of d 23 = 7 cm when h 2 is changed from 6 cm to 12 cm in the nominal loading condition of 300 . It can be seen that by increasing h 2 the high PTE region tends to move toward the center of the cage, while PTE at the corners drop. Therefore, to achieve a homogeneous PTE distribution at the corners of the homecage, h 2 = 8 cm was chosen, the height at which the peak PTE starts to drop. The PTE distribution is affected by L 3 and L 4 geometries and orientations, but not by the loading condition. The PTE in the EnerCage-HC is reduced if the loading condition is out of the nominal condition. However, the CLPC dynamically adjusts the Tx power to ensure that the headstage receives sufficient power even in suboptimal loading or positioning conditions. The geometry of L 4 was optimized as the last step for d 23 = 7 cm, based on the coil optimization procedure in [40] . The nominal loading was considered to be 300 , corresponding to ∼24 mW power consumption in the mobile unit. Also L 4 has higher number of turns because according to our coil design, despite its smaller size, it should have a higher inductance [40] . The optimal EnerCage-HC coil geometries are summarized in Table I . The coil design is optimized for the most common conditions, i.e. a horizontal mobile unit at a nominal height of 7 cm above the bottom of the cage. The other conditions will be taken care of by the CPCL, which dynamically adjusts the Tx power to ensure the mobile unit functionality.
Figs. 5a and 5b compare the simulated PTE distribution inside the homecage at a nominal height of 7 cm when a single large WWC encompasses the bottom of the cage (see [12] ) vs. our proposed 5-coil design, shown in Fig. 1 , respectively. The conclusions from these simulations are: 1) The PTE in the corners of the EnerCage-HC is significantly higher than the single WWC design, thanks to the overlapping slanted WWCs (L 21 ∼ L 24 ), both when the mobile unit is held horizontally and vertically, which happen when the animal is walking on the bottom or climbing the walls of the homecage, respectively; 2) The average PTE in the EnerCage-HC is 27.8%, which is three times higher than the 9.2% average PTE of a single WWC; 3) The PTE distribution in the EnerCage-HC is considerably more homogeneous than the single WWC because the maximum PTE variation inside the homecage is 23.8% of the average PTE in the EnerCage-HC vs. 56.5% in the single WWC homecage.
IV. 2D/3D OPTICAL ANIMAL SUBJECT TRACKING
Using Kinect provides a unique opportunity to utilize both the IR depth (3D) and RGB (2D) cameras for tracking the animal subject. Another advantage of an IR-based system is its ability to track subjects even in the dark environments, which is quite helpful when experimenting with nocturnal species that include the majority of rodents. Moreover, utilizing both IR and RGB cameras in the EnerCage-HC, aided with an LED tracer on the headstage, enables recognition of the animal subject orientation (determining its head from tail), which is important in behavioral tracking [41] , [42] . Fig. 6 shows the hardware and software diagrams of the tracking algorithm in the EnerCage-HC system. The Kinect was installed at ∼90 cm above the homecage to easily cover the 30 × 30 cm 2 area of the homecage. The collected depth and RGB images from the Kinect were transferred to PC via USB, as shown in Fig. 6a . The real-time depth image from Kinect was compared to a reference depth image, taken when the animal subject was not present, to find the animal subject in the cage. The software algorithm projects the depth image voxels over a 2D plane, and indicates the areas that have higher value than a predefined detection threshold. Then, the center of the animal outline is found from the projected image to identify the center of the subject body. If the measured depth of the object is less than the threshold, the software concludes that the animal is not present in the cage, and reduces the PA power to its minimum by setting V D D _T x = 4.5 V to reduce the dissipated power.
A. Automated Tracking
When the algorithm finds the center of the subject body, it activates the CPCL to provide sufficient amount of power to the mobile unit. It then analyzes the RGB image to find the LED indicator. At startup, when the mobile unit is not powered and the LED is off, L 21 ∼ L 24 are controlled based on the body position extracted from the depth image. When the LED indicator starts blinking, the position of the LED indicator is detected from the RGB image and combined with the center of the body to not only activate one of L 21 ∼ L 24 coils but also indicate the subject orientation.
With more advanced image processing, we are trying to pinpoint the position of the rat head directly from Kinect the 3D image. When that algorithm is fully functional, there will be no need for an additional LED localization. By tracing the acquired positions, the accumulated distance that the subject has traveled can be calculated in real time. The process for automated tracking, shown in Fig. 6 , takes ∼50 ms, including the 30 Hz frame rate of the Kinect. It also depends on the performance of the central PC station. Considering relatively low speed of the animal subject movements within the homecage (30∼70 cm/s) [43] and the presence of the super capacitors in the mobile unit, the tracking mechanism in the EnerCage-HC is fast enough to provide the animal position for switching L 21 − L 24 to power the mobile unit. All of the acquired data during the experiment is displayed on the PC screen, and saved in the PC station for post processing. Fig. 7 compares the automated and manual tracking results within the EnerCage-HC. A checker board with 3 cm grid was used to manually place the mobile unit in a known position inside the homecage. Fig. 7a shows the images of 15 random mobile unit positions on the checker board compared with the automatic tracking data collected in 3 min at each position (P1 to P15). The maximum time jitter for the optical tracking was 20 ms in this test. The maximum position error was measured 1.6 cm near the corners, where the large viewing angle from the Kinect lens is the main source of inaccuracy. Fig. 7b shows the comparison between automatic (red) and manual frame-by-frame (blue) tracking of a freely behaving rat (17 cm long) from the recorded video in an in vivo experiment, which details are presented in section VI. We randomly selected 20 min of the recorded experiment video, and manual tracking was performed by a human observer watching the recorded video to identify the position of the LED and center of body. It can be seen from Fig. 7b that the automated tracing of the LED indicator is in good agreement with manual tracking with maximum localization error of 1.3 cm. However, since determination of the manual body center is somewhat subjective, the automated and manual tracking results are not overlapping as well as the LED tracking. Nonetheless they show similar trends.
B. Validation
V. POWER MANAGEMENT IC IN THE MOBILE UNIT
To increase the overall power efficiency of the EnerCage-HC system and establish a communication link between mobile and stationary units for the CPCL, while maintaining small size and volume of the mobile unit, a custom PMIC was designed. Fig. 8 shows the PMIC block diagram, along with its off-chip components that are presented outside the gray dashed box. The AC signal across the Rx L 4 C 4 -tank, which is tuned at f p = 13.56 MHz, is rectified by the positive/negative rectifier. The rectifier outputs, V R EC P = 2.3 V and V R EC N = −2.3 V, are then applied to two LDOs, which create stable V D D = 2 V and V S S = −2 V. An automatic-resonance tuning (ART) block ensures that the L 4 C 4 -tank is always tuned at f p = 13.56 MHz despite the effects of packaging, implantation, or animal proximity to large conductive objects, such as the transmitter coils.
The ART sweeps a 5-bit binary-weighted on-chip (3 pF, 6 pF, 12 pF, 24 pF, 48 pF) and a 3-bit binaryweighted off-chip (100 pF, 200 pF, 400 pF) capacitor bank, resulting in 0-800 pF capacitance change across the L 4 C 4 -tank with 3 pF resolution. The ART sweeps the 8-bit capacitor bank, which are connected to an 8-bit counter, in a certain Fig. 11 . Measured PTE distribution inside the EnerCage-HC. Fig. 12 . In vivo experimental setup for the EnerCage-HC prototype. In this experiment, the rat was freely moving around the cage for 7 hour and 20 min. direction (up or down) until the envelope of the carrier across the L 4 C 4 -tank, V E N V , drops by 100 mV. Then the direction of the sweep changes until V E N V again drops by 100 mV. This up/down cycle ensures that the L 4 C 4 -tank remains tuned around f p = 13.56 MHz with a fluctuating small offset. The ART finds the optimal capacitance value in less than 3 ms Fig. 13 .
In vivo experimental results showing the mobile unit positive rectifier voltage, V REC P , and the transmitter PA supply voltage, V DD _T x, during ∼7 hrs. The CLCP increased the transmitted power, which is in proportional to V DD _T x, when the rat moved to low PTE areas or stand up as shown in inset t < 14817 s, and decreased V DD _T x when the mobile unit was close to the homecage surface or high PTE areas as shown in the inset t > 14817 s.
when it only utilizes its 5-bit on-chip capacitors. Therefore, animal movements during this time does not effect on the ART operation. Considering the fact that the coupling between the Tx and Rx coils can become too strong, the PMIC is equipped with an over-voltage protection circuit. A hysteresis comparator detunes the L 4 C 4 -tank by adding C ov p = 1 nF in parallel when V R EC P > 2.6 V to protect the PMIC from large input voltages. The PMIC chip is also equipped with back telemetry circuit to short the L 4 C 4 -tank with sharp pulses (∼0.4 μs) for sending the V R EC P information for the CPCL. Additional details about the PMIC can be found in [44] . Fig. 9a shows a simplified schematic diagram of the active rectifier, consisting of the PMOS and NMOS pass transistors, which are driven by two high-speed offset-controlled comparators [45] . The startup circuit monitors V R EC P /V R EC N and sets CTL = 0 when V R EC P /V R EC N are low. At startup, P 1 and N 1 transistors are diode-connected and form a passive rectifier, which charges V R EC P /V R EC N regardless of the comparators' status up to the point that V R EC P and V R EC N reach a stable minimum level (±1 V). Then CTL toggles to enable the active rectifier to operate normally. Fig. 9b shows measured input/output waveforms in the positive/negative rectifier at 13.56 MHz. The measured rectifier power conversion efficiency (PCE) was 74.3% when R L = 600 was connected between V R EC P = 2.3 V and V R EC N = −2.3 V. . 10 shows the mobile unit prototype including the PMIC, an nRF MCU, and an LED. The PMIC was fabricated in the TSMC 0.35-μm 4M2P standard CMOS process, and it occupies 3.5 mm 2 of silicon area. The mobile unit includes L 3 and L 4 coils, which specifications are given in Table I , at the bottom of the box, a small PCB with the PMIC wirebonded to a QFN package, and a separate PCB with nRF MCU, RF matching network, 2.4 GHz monopole antenna, and the LED indicator. The total weight of the mobile unit in this prototype was 16.2 g including the weight of the box, which was 9.1 g. Fig. 11 shows the measured PTE distribution between the Tx and Rx coils inside the EnerCage-HC at d 23 = 7 cm based on the direct PTE measurement procedure in [40] , using a network analyzer across the inductive links. The surface of homecage was marked by a checker board with 3 cm resolution for the PTE measurements. At the corners, the maximum measured PTE was 36.3%, which matches very well with the simulated result in Fig. 5b . The lowest and average PTEs across the homecage were 16.1% and 21.9%, respectively. The efficiency of the PA was measured 81% at V D D _T x = 4.5 V, and gradually decreased to 63% at V D D _T x = 20 V, which is the maximum voltage in this prototype EnerCage-HC system.
VI. MEASUREMENT RESULTS
The maximum permissible exposure (MPE) to magnetic field strength based on the IEEE standard is 16.3/ f c (A/m), where f c is in MHz, resulting in the equivalent maximum power density at 13.56 MHz to be 54.3 mW/cm 2 [46] . Since the WWC at the bottom of the EnerCage (L 1 ) has 17 cm × 17 cm = 289 cm 2 area, the maximum safe power transmission level would be 15.6 W. However, the maximum transmitted RF power in the current EnerCage-HC prototype is 4.4 W, and it only happens over a short period in the worst case scenario when the animal stands up. This is equivalent to a maximum power density of 15.2 mW/cm 2 , which is well below the safety limit. Therefore, the EnerCage-HC system satisfies the IEEE standard with respect to safe level of human or animal exposure to radio frequency electromagnetic fields [46] . Fig. 12 shows the in vivo experimental setup for the EnerCage-HC prototype. The animal subject was a one-year-old rat weighting 300 g. The mobile unit was placed in the plastic box in Fig. 10 and attached to a special jacket, designed for rats. All experiments were conducted with the prior approval from the Institutional Animal Care and Use Committee (IACUC) at the Georgia Institute of Technology. During the experiment, the GUI reported the real-time video, V R EC P , V D D _T x, and the LED/Body tracking information along with the rat body orientation and travelled distance. Water bottle and food dispenser were also placed in the homecage for the 7 hr and 20 min experiment, during which the rat was freely moving in the homecage. Fig. 13 shows the measured V R EC P and V D D _T x during 7 hours and 20 min without any interruption. The EnerCage-HC continuously delivered 24 mW of regulated power to the mobile unit by maintaining V R EC P constant at 2.3 V, which was high enough for the LDO to generate a stable V D D = 2 V, thanks to the CPCL module. The V D D _T x was dynamically adjusted by the CPCL module in the EnerCage-HC between 4.5 V and 20 V corresponding to the PA power consumption of 0.3 W to 7 W, depending on the coil separation, d 23 . We should point out that the 7 W power consumption in the PA is the worst case scenario of animal standing up, which is maximum coil separation or angular misalignment of the Rx coil. Fig. 13 inset shows that the CPCL increased V D D _T x, when the rat moved to low PTE areas or stood up on his hind limbs (t < 14817 s), and decreased V D D _T x when the mobile unit was close to the homecage surface or high PTE areas (t > 14817 s). The mobile unit received stable power inside the homecage during 7:20 hr of continuous operation regardless of the animal movements, proving the functionality of the EnerCage-HC. Fig. 14 shows the measured tracking information including the position and orientation of the animal inside the homecage during the 7:20 hr in vivo experiment. Fig. 14a shows the automated position data for the LED indicator on the mobile unit. The heat map shows how long the animal spent in a certain location. The statistical result for the rat's orientation based on the automated LED/body tracking data is shown in Fig. 14b . Since most of the time the rat moved across the left corners, marked A and B in Fig. 14a , the orientation of the rat shows peaks in those directions. The rat's travel distance based on the LED tracking data is shown in Fig. 14c , which indicates that the rat moved about 69.6 m in the homecage during the experiment. Table II compares the EnerCage-HC system with the previous attempts at developing wirelessly-powered systems for behavioral experiments on small freely behaving animals. The presented EnerCage-HC, 1) provides the largest wirelessly-powered area per one PA with the proposed slanted multi-coil WWC arrangement, 2) is the only system equipped with accurate 2D/3D animal subject tracking, not only for real time coil switching but also for the behavioral analysis of the subject, 3) compared to [19] , the customized mobile unit provides higher average power efficiency with smaller Rx coils at 7 cm distance, thanks to its ART mechanism. It also ensures safe operation against frequent over voltage situations along with robust and smooth closed-loop control during long-term in vivo experiments, improving the quality of the collected biosignal and behavioral data.
VII. CONCLUSION A novel wireless platform for electrophysiology experiments inside the standard homecage has been presented. This system, called the EnerCage-HC, takes advantage of multi-coil coupling and Kinect ® based optical localization to offer an efficient and low-cost technology for wireless powering any electronics attached to a small animal subject and track its behavior. The EnerCage-HC includes four switchable slanted triangular WWCs covering lower corners of the homecage by establishing 4-coil power transfer as well as a square-shaped WWC at the bottom of the cage for 3-coil power transfer in the center. The Kinect tracking algorithm is key to achieve the switchable 3-/4-coil function, which in turn allows the use of only one PA in the system, which significantly reduces the system complexity, cost, and heat dissipation. The 3-/4-coil mechanism achieves three times higher and more homogeneous PTE in the homecage compared to the conventional single WWC. A PMIC is used in the mobile unit to offer high efficiency voltage rectification/regulation, and communication between mobile and stationary units for closed-loop power control. The functionality of the EnerCage-HC prototype was demonstrated in both bench-top and in vivo experiments. The mobile unit was attached to a rat, and continuously received 24 mW of regulated power during a 7:20 hour experiment, while a Kinect ® installed 90 cm above the homecage tracked the animal position and orientation with 1.6 cm accuracy. To the best of our knowledge, the EnerCage-HC system is the first wirelessly powered cage equipped with the tracking functions for both animal position and orientation. It has the ability to create an automated enriched environment inside standard homecage for long-term electrophysiology experiments.
